It is set in stone that Mycobacterium tuberculosis is a facultative intracellular bacterial parasite. This axiom drives our knowledge of the host response, the way we design vaccines against the organism by generating protective T cells, and to a lesser extent, the way we try to target anti-microbial drugs. The purpose of this article is to commit total heresy. I believe that M. tuberculosis can equally well be regarded as an extracellular pathogen and may in fact spend a large percentage of its human lung "life-cycle" in this environment. It is of course intracellular as well, but this may well be little more than a brief interlude after infection of a new host during which the bacterium must replicate to increase its chances of transmission and physiologically adapt prior to moving back to an extracellular phase. As a result, by focusing almost completely on just the intracellular phase, we may be making serious strategic errors in the way we try to intervene in this pathogenic process. It is my opinion that when a TB bacillus enters the lungs and starts to reside inside an alveolar macrophage, its central driving force is to switch on a process leading to lung necrosis, since it is only by this process that the local lung tissue can be destroyed and the bacillus can be exhaled and transmitted. I present here a new model of the pathogenesis of the disease that attempts to unify the pathogenic process of infection, disease, persistence [rather than latency], and reactivation.
A new model of pathology and pathogenesis
The process of infection is initiated when the bacterium [or perhaps even a cluster or clump, see below], delivered in a water droplet into an alveolus in the lung, is ingested by an alveolar macrophage. Classical electron microscopy studies suggests that at least some of these cells adhere to the alveolar epithelial surface and substantially extend and spread out their cell membranes [ Figure 1A ]. This is followed by a process which is critical to the bacterium because it must not only survive, but find its way into the interstitium of the lung if it is going to establish an infection. This process is still poorly understood, but it could involve or include the ESX secretion systems now being increasingly well characterized, although to date this has not been specifically shown [1e3] . Once in the interstitium the bacillus [or bacilli, if there is some initial replication in the alveolar macrophage or if the ingested droplet contains a clump of bacteria] can now be taken up by monocytes leaving the local capillary bed, or by dendritic cells [which roam the lung parenchyma in large numbers] arriving from the airspace surface or from lymphatic capillaries [ Figure 1B ]. Indeed, there is now convincing evidence that very early carriage of bacilli out of the initial sites of implantation and into the draining lymphatics is a key event in triggering the acquired immune response [4e6] .
There is a massive amount of information regarding survival mechanisms employed by the bacillus inside macrophages, which will not be recounted here. The general concept is that there is a counter-balance between the macrophage attempting to kill the bacillus, and the bacillus taking counter-measures. Most of these mechanisms have been observed in vitro, but whether these all occur in the lungs is very much less clear. One example is host cell apoptosis; this is readily observed in cell cultures, but macrophages infected with virulent strains rapidly become necrotic not apoptotic [7] , as do neutrophils [8] , and for that matter apoptotic cells in the lungs of infected animals that can be seen under the microscope in vivo are relatively rare [7, 9] .
The next stage is equally critical, because now the bacterium needs to replicate and drive the initial infection into an active disease state. Here, one can argue that the organism has evolved to drive a single event. It is not, as a recent review [10] tries to argue, to come to some sort of balance with the host response. Instead, the bacillus drives the mechanism essential to its transmission e necrosis. A bacillus in a macrophage in a granuloma cannot infect the next victim; only an extracellular bacillus in a necrotic cavity can achieve this. In hindsight, one can argue that our concepts of bacterial survival followed by chronic disease and a state of dormancy or latency have primarily arisen from our studies in mice e an animal species in which the bacillus has difficulty in driving any degree of necrosis at all [11] .
In most models to date the generation of necrosis is regarded as an endpoint; in the popular Lurie/Dannenberg model T cellmediated "excessive DTH" drives necrosis and the subsequent florid replication of bacilli in cavities e despite the fact that DTH T cells could never survive in necrosis, nor can florid bacterial replication even be seen. In fact, in complete contrast, I would argue that the process of necrosis is the starting point rather than the endpoint. In studies in my laboratory, local foci of tissue damage occur very rapidly e in the guinea pig model these are evident in 5e10 days, and we think they coalesce to form the central necrosis characteristic of both guinea pigs and humans [9, 11] . Such damage creates inflammation and this attracts neutrophils, a cell we feel is a key player in the overall process yet mostly ignored to date [an attitude now hopefully changing] [12, 13] .
Under the microscope evidence of interstitial inflammation becomes evident as the infectious focus becomes established [ Figure 2 ]. Because the interstitium becomes inflamed and swells with tissue fluid, this allows macrophages and neutrophils to begin to accumulate. Some neutrophils may be able to kill bacilli [14] at this point, but these cells are short lived and some will almost certainly degranulate, releasing enzymes that may damage the basement membrane and the vascular endothelium; this, we suspect, is the very beginning of the necrosis that is the hallmark of the disease. Unfortunately, moreover, one of the primary anti-microbial mechanisms of neutrophils is the production of toxic oxygen radicals. The cell wall of the bacillus is adept at scavenging these radicals [15] , but the local capillary endothelium is not, and as a result the local microvasculature rapidly undergoes severe oxidative damage [16] , as well as compression by the developing granuloma. These processes, I would propose, sets in motion a necrotic process which is irreversible, at least in the sense that host mechanisms, such as wound healing and the onset of dystrophic calcification, cannot fully prevent it. As the local capillary bed collapses as a result of this cumulative damage, the ability of T cells and macrophages to infiltrate the central areas of the lesion becomes increasingly compromised. The tissue fluid can still deliver oxygen to some extent, but the outcome is a region becoming increasingly hypoxic [17, 18] . The surviving bacilli must adapt to this, but [I would propose] not to nutrient starvation. While the latter is a popular idea [especially in models to screen drugs for "latent" disease], the reality is that the lesion probably contains a simply vast amount of host cell membranes and cholesterol left behind by dying [short lived] neutrophils. This may be a key event in ensuring the persistence of bacilli within necrosis, and indeed could provide a 2-carbon source that could sustain these bacilli for many years [19] .
Such mechanisms also threaten the bacillus itself, and so it quickly adapts into a stress response, primarily controlled by the DosR regulon, a process that has been very well characterized [20e 22] . This is generally interpreted as a response to full blown host immunity in which the surviving bacteria switch on a large number of stress-related or "latency" genes that enables them to "hide" in a state of latency or dormancy from which they may be able to safely reappear at a later time. But are we completely misinterpreting this information? In my alternative model, the bacilli are sensing these events and adapting accordingly. True, some bacteria will be killed off, but the generation of the host response indicates necrosis will soon be emerging, and with it cavitation, escape, and transmission. The survivors will not have it easy, at least for a while, so DosR and other genes need to be turned on. In other words, the DosR response is not one of preparing for latency and "switching off", it is quite the reverse e it is a "switching on and adapting" response which is preparing for escape and transmission [however long that may take].
Suitably adapted, the bacillus can now move to the next stage, in which it will survive as an extracellular organism within the necrosis its presence has driven the host response to create [an emerging concept [19] is that it hyperconserves immunodominant epitopes [23] to maximize the host response for this very reason]. Rather than becoming latent or dormant, as the popular concept holds, it now must take steps to allow it to persist. It must keep some of its enzyme systems going, and so it accumulates iron [24] and copper [25] to achieve this. Nutrient starvation is a popular component of latency models, but in fact this is the very least of its worries, since it is in a swimming pool of accumulating and then dying neutrophils [not that obvious by microscopy but now revealed directly by flow cytometry in the guinea pig model [26] ] providing it with a quite massive carbon source, especially cholesterol [27, 28] . Nevertheless it must keep its energy expending processes to a minimum, including any initial attempt at further replication. Even to keep these minimal processes active it still needs some energy, and this may explain the excellent activity [29] at this time of the drug TMC207 [bedaquiline], which specifically targets bacterial ATP synthase. [30] Now extracellular, the bacilli persisting in the remaining necrosis sit and wait patiently for cavitation and escape [ Figure 3 ]. In humans, this could be a rapid event or it could occupy much of the lifespan of the host. In our guinea pig models of chemotherapy, bacilli first find themselves in necrosis after about 40e50 days but we start to observe spontaneous reactivation [29] or can force it [31] in these animals nearly a year later. In the latter study these animals were approximately two-thirds of the way into their natural lifespan when we tried to reactivate disease. They were completely healthy, but still retained small regions of residual necrosis that could still be sufficient to harbor individual bacteria or clumps. What this emphasizes is that if bacilli find themselves in necrosis may be just 30e40 days after low dose aerosol in the guinea pig model, they are spending >90% of their lifespan in the animal in an extracellular phase.
The current model of pathogenesis has the latent bacteria living in macrophages, from within which they reawaken, replicate, and burst out triggering reactivation disease. In the model proposed here, in complete contrast, the persisting bacilli are extracellular and within some form of cluster or biofilm-like community within the necrosis. Here, they are using the substantial 2-carbon sources discussed above, and in fact they may be using nuclear material from the dead neutrophils as an initial attachment or scaffold to develop into these biofilms [R. Basaraba, personal communication] . These issues first became evident in studies involving drug testing in the guinea pig model [17] , in which we observed clusters of bacteria in an acellular rim surrounding primary lesions. As chemotherapy continued these became harder to see by AFB staining, but when more advanced staining techniques were applied the actual numbers of bacilli present were very considerable [and certainly not representative of the CFU values obtained] [32] , and for that matter seem to represent a variety of phenotypically distinct subpopulations [33] . Many of these could be dead of course, but there is a real possibility we have been dreadfully undercounting the actual numbers of bacilli present [making us think a drug regimen is highly effective in such models when in fact it is not].
I have proposed the term "Necrosis-associated Extracellular Clusters" or NECs to describe these structures [19] , and I further propose here that the existence of these NECs, if they exist in humans [where [possibly extracellular] bacilli on the rims/lesion interfaces have been observed [34, 35] ], then they represent the absolute heart of the problem, both in terms of the pathogenesis of persistence and reactivation, but also the practical consequences for interventions. As cells die in the initial focus of infection, the lesion now is starting to take on the appearance of the classical granuloma [A] with a necrotic core and a circular rim of leukocytes. The small areas of necrosis have now coalesced forming a central structure around which macrophages and the first incoming sensitized lymphocytes now accumulate and surround in large numbers. Some bacteria are probably killed at this point, but others are released by dying macrophages and thus become extracellular. The bacilli physiologically adapt to survive in the necrosis by forming biofilm-like clusters or communities [NECs] . In humans it is thought these necrotic lesions erode into larger airways creating cavities; this does not happen often in the guinea pig model but it can be observed when the isolate is highly virulent [as, unfortunately, our recent studies looking at Beijing and other strains suggest many of them are]. At this time the surviving persisting bacilli abandon planktonic growth [so they cannot be detected by CFU determinations] and undergo major adaptations, which probably includes cell wall modifications making them very hard or impossible to see by acid fast staining. Also at this time the lesion shows substantial dystrophic calcification [the leading edge of which is depicted here as a black bar], physically isolating the remaining NECs in the residual necrosis between this structure and the intact cellular layer of the granuloma [panel B].
Does size matter?
In most laboratories specializing in animal modeling, considerable care is taken in preparing single cell suspensions of bacteria used for low dose aerosol infections. But is this actually realistic? In the guinea pig model bacilli that persist within necrotic lesions appear visually to be a combination of single bacterial rods and small clumps of bacteria ranging in size from a few to as many as 20e30 within the NECs. Do such clumps favor the establishment of active disease and necrotizing cavities in the human lung?
The majority of people who are exposed to Mycobacterium tuberculosis do not develop active disease, and this has been explained for many decades as reflecting the ability of innate immunity to destroy the bacterium at the alveolar macrophage level. However, what the actual basis of this innate "resistance" is has never been adequately explained. The concept has always been that the bacterium manages to escape destruction after ingestion, and finds its way into the interstitium where it establishes a site of infection. This certainly happens in susceptible guinea pigs, but does it happen the same way in human beings [who we generally agree are far more resistant]? Our concept is that the bacterium survives and divides, and then may be picked up by other cells entering the site attracted by molecules driving local inflammation. Then, at some point some bacteria have to be carried away, probably by motile dendritic cells, to the regional lymph nodes where acquired immunity is then triggered [5, 6] .
The assumption is that all this begins with a single, or perhaps a few bacilli. But in our animal models we stack the deck by giving higher numbers [w15e20 to guinea pigs, w25 to macaques, w100 to mice] and even then, due to the slow doubling time of the organism, it still takes a matter of weeks for the bacterial load to peak and for protective T cells to appear. An alternative possibility therefore is that the risk of developing disease is actually related less to the inhaled dose, but instead more specifically to the nature of the inhaled particle. If a single bacterium makes it through the tidal volume into the alveolus, one might think the outcome was heavily stacked in favor of the macrophage, and this might be indeed the actual reason why 75% or more of exposed individuals never get disease. But what might happen if the individual breathes in a small clump or fragment of a NEC described above? This would be far harder for an engulfing macrophage to deal with, especially if these clumps have a shell of toxic mycolic acids as others have suggested [36] . [This is in fact by no means a new idea e the idea that droplets could contain large numbers of bacilli was discussed as long ago as 1944 by Arnold Rich in his classic textbook [37] on this topic, and it rather questions the strategy used by animal modelists such as myself who strive to make aerosol doses as low as possible]. This could potentially make it much more likely that a productive site of infection would be set up, plus increase the possibility that the initial clumped particle could then disperse allowing some of these bacilli to soon reach the lymph nodes, resulting in host sensitization. If this model is correct then it suggests that the reason only a minority of exposed individuals get active disease, is simply because these people breathe in clumps/ NECs of bacilli, whereas the majority are lucky enough to inhale single cells which they can easily destroy. This also explains the "cannot be in two places at once" enigma e either one or a few bacilli have to divide to set up a site of infection and be carried to the lymph nodes, or there are actually several deposited initially, allowing both events to happen.
An extension of this hypothesis is that not only could they be exhaled as clusters or clumps, but in this state they might be harder to detect in sputum smears. In this regard, we recently found that those in the reactivating guinea pig model were very weakly acid fast to the point we could barely find them [despite recording over a million bacilli by CFU] [31] . In fact, there are several welldocumented studies [38e40] describing transmission of tuberculosis from smear-negative individuals, estimated in two studies [38, 39] to be the cause of 15e20% of cases. This has been explained in terms of the numbers of AFB bacilli needed for detection, thought to be about 5000 to 10,000 [41] , but I suggest here that it could equally be due to failure to visualize these due to poor AFB staining, potentially a direct consequence of adaptation/biofilming, as indeed newer fluorescence based microscopy studies are revealing [32, 33] . This would help explain the obvious paradox above between smear-negativity being thought to be just "low numbers of bacilli" and yet causing >15% of the transmission of new infections.
The "in vivo pellicle" as the basis of disease reactivation
In the classic model of pathogenesis proposed by Smith and his colleagues [42] , reactivation disease is a consequence of an "immunosuppressive event". While this is obviously true in the case of HIV infection, or immunosenescence, it does not explain why relapse is frequently seen in people after getting drug treatment. Although still dismissed by many in our field, especially those wed to the latent/dormant idea, we feel that there now is no doubt that M. tuberculosis can form biofilms, and this can very easily explain the apparent "drug tolerance" of persisting bacteria. [19] Recently, it was clearly demonstrated [36] that M. tuberculosis can form biofilms in vitro, and that this process is quite distinct from planktonic growth. Moreover, these biofilms seem to be creating a type of extracellular matrix by somehow shedding free mycolic acids. This may well explain why these biofilms, perhaps as a direct result, become highly resistant to antibiotics. Key genetic elements in this process appear to include the psk locus. Mutants in which psk1 is interrupted fail to make biofilms [43] and some more recent preliminary data also possibly indicates the involvement of the psk16 gene [unpublished data]. Moreover, such mutants have an additional in vitro marker e they prevent bacilli in in vitro colonies from forming pellicles e now itself regarded as a type of biofilm. These are colonies that grow out as domes when cultures are grown on a liquid/air interface [44] , and have long been a standard way of increasing the virulence of mycobacterial stocks.
Is something similar happening in vivo? If the new model proposed here is correct, can this explain disease reactivation, or relapse after the cessation of drug therapy? Reactivation occurs from the vicinity of the residual primary lesions [13] , and we know that even if this residual necrosis is minimal it can still harbor live bacilli capable of retriggering disease [45] . In the putative model shown here [ Figure 4 ] as the primary lesions heal and calcify, the residual necrosis containing the surviving NECs become highly compressed by the calcification process and these get pushed towards the edge of the lesion. This gradually brings them close to open intact airspaces [ Figure 4B ] and, obviously, a steep rise in oxygen tension. In essence, what has now evolved is a liquid [necrosis]/air interface similar to pellicles in vitro, as indeed Hunter and colleagues have previously suggested [46] . If the "dome formation" seen in vitro is not a random occurrence, but an actual structural adaptation by the bacterial colony, is this the first step in reactivation as the bacill in the NECs begin to sense the local pO2, begin to replicate, perhaps disperse, and create a pellicle-like dome which pushes out of the rim of the necrosis [perhaps following the oxygen tension gradient]? Once into or on the edge of the normoxic tissue [ Figure 4B ] the presence of the NEC will cause local inflammation and attract the attention of macrophages [ Figure 5A ]. These host cells will usually probably destroy them, but if not a focus of reactivation disease has the potential for becoming established [ Figure 5B ]. In fact, this could be happening on a continuous basis, but controlled by the host memory immune response, and only subverted by secondary factors [HIV, old age, other lung infections, therapy for rheumatoid arthritis involving TNF blocking [47] , etc]. If indeed this process happens periodically, the outcome of this would be the continuation of T cell sensitization, thus rather nicely explaining why people thought to have "Latent TB" are IGRApositive.
I would note that the current model of disease relapse after chemotherapy is conventionally explained by the idea that the reactivating bacilli have previously undergone some sort of adaptation rendering them tolerant to drugs. This makes two assumptions: [1] that the drugs are still efficiently getting to the bacteria despite vascular collapse and necrosis but now cannot kill them, and [2] that the bacteria have a way to efficiently reverse this drug tolerance once the chemotherapy has ceased and hence can reactivate. The first point can easily be debated, and as for the second, my model proposed here is both far less complicated and much more likely based on our in vivo observations. Above all, it provides a new [and very simple] explanation for the famous "Cornell model" in that biofilming bacteria would appear "non-culturable", but could then eventually reactivate if the immune response is depressed.
Implications for interventions
If the key elements of the above model are correct, then they have serious implications for interventions, be they vaccines or drugs. The stages described in Figures 2 and 3 are key points in the pathogenesis of the disease, and offer multiple drug targets. As I discuss elsewhere [19] however, the field has locked into the concept that the "latent bacteria" we need to target to ensure sterilizing regimens are intracellular inside viable macrophages, have minimal oxygen, and are carbon-starved, and apparently many hundreds of thousands of compounds are being tested in assays in vitro that create these conditions. In my opinion this seems to be a serious mistake. Similarly, for a vaccine based on T cellemacrophage interactions to be fully effective, it has to act before the bacteria escape into the necrosis, a site inimical to host immune cells, and preferably earlier. As I have argued elsewhere [48] , the effector memory immune response induced by the BCG vaccine [49] is just too slow to achieve this. It can certainly slow down the disease process, and significantly inhibit necrosis, but unfortunately virulent strains can still produce enough inflammation to trigger the emergence of regulatory T cells [50e52], a further very serious complication that to date has received little attention.
As noted above the prevailing feeling in the field is that host immunity soon forces infecting bacteria into a state of latency, where the organism is sequestered in macrophages for long periods of time, coupled with rather complicated theories as to why the host cell simply just does not then kill it in this unguarded state. If so, then sensitizing T cells to "latency antigens" would have a chance at success. However, if the model presented here is correct then these persisting bacteria are by this point extracellular and hence beyond the reach of both the T cell response and [to a degree at least] chemotherapeutic agents. [53] If the key to all of this is the development of necrosis then efficacy needs to be tested in animal models that reflect this. Despite this, a model that has drawn attention lately has been developed in the mouse, where necrosis does not occur at all to any extent. In that model [54] mice were given a brief, incomplete, course of chemotherapy [based on the current axiom that bacteria that initial survive drug treatment are "latent"] and then vaccinated [with fusion H56]. Since necrosis is not a factor here the surviving bacteria almost certainly remain intracellular, the vaccine stimulates the re-expansion of T cells that can detect the infected macrophages, and the regrowth of the infection after chemotherapy is withdrawn is thus reduced somewhat. However, the actual protection values reported were minimal, only showing slowing of the degree of regrowth, and if one were uncharitable one might ask why the "latent" bacteria were able to regrow at all? One can further argue that the kinetics of resistance are very different and far smaller than that seen in a model of complete chemotherapy and reinfection from our laboratory [55] where resistance was almost instantaneously expressed. [One explanation is that H56 merely re-expands effector memory CD4 cells, whereas we clearly showed in our model that both [very rapid] central memory as well as effector memory cells were triggered]. In contrast, the "incomplete chemotherapy" model makes the assumption that bacilli that are still alive when the chemotherapy is suddenly withdrawn are already in some sort of latency, that they are making "latency antigens", and that they are in macrophages [either in the lesion or in the draining lymph node] that can present these antigens to T cells. The problem here is whether any of these assumptions are true?
This is of course all very interesting, and certainly deserving debate, but is it the correct strategy to deal with supposedly "latent" bacilli? Firstly, as I have argued before [19, 56] , these remaining bacilli are almost certainly not latent, since a truly latent bacterium would probably not sense cavity formation and the opportunity to escape; i.e. it would completely miss the bus. An extension of this is to ask how bacilli safely hidden inside macrophages would even know a cavity was forming? Secondly, as our animal modeling now increasingly demonstrates, the truly "persisting" bacteria, even after chemotherapy, are sitting in areas of necrosis as extracellular organisms against which T cells will be impotent.
Concluding remarks
I have presented here a new model which attempts to unify our current concepts regarding the pathogenesis of tuberculosis with the capacity of bacilli to persist and subsequently give rise to reactivation disease. I should clearly stress that this model is based on a series of observations made in the guinea pig model, so there is no guarantee such events also occur in humans [although I would also note that many in our field generally agree that this is one of the better animal models of the disease process]. It is clear however, at this point in time at least, that virtually everything we know about M. tuberculosis relates to its intracellular phase. In contrast, we know nothing to date regarding its survival as an extracellular organism surviving and persisting in residual necrosis, and until we do, both new vaccination and drug discovery efforts could be futile. 
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